C-type natriuretic peptide (CNP) and its cognate guanylyl cyclase receptor, the natriuretic peptide receptor B (NPR-B) together constitute a regulatory system that controls cell function via the generation of intracellular cyclic GMP. In this report we have examined the role of cAMP signaling in the regulation of CNP and NPR-B activity in the FRTL-5 rat thyroid follicular cell line. As had been observed earlier with TSH, the cAMP mimetic, dibutyryl cAMP (dbcAMP; 1 mM) induced a significant reduction in CNP-stimulated cGMP generation that was first apparent after 6 h of treatment. The inhibitory effect of dbcAMP on NPR-B was dose dependent, with an EC 50 of 0·2 mM.
Introduction
The natriuretic peptides (atrial natriuretic factor (ANF), brain natriuretic peptide (BNP), and C-type natriuretic peptide (CNP)) constitute a small family of polypeptides that possess a 17-member disulfide ring as a common structural feature (Flynn 1997) . Receptors for the natriuretic peptides (NPR) are of three distinct subtypes, two of which (NPR-A and NPR-B) are membraneassociated guanylyl cyclases that catalyze the conversion of GTP to cGMP upon hormone binding (Anand-Srivastava & Trachte 1993 , Potter & Hunter 2001 , Silberbach & Rogers 2001 . A third receptor subtype, NPR-C, shares considerable sequence homology with NPR-A and NPR-B in its extracellular domain but does not possess an intracellular domain capable of cGMP production. Alternative signaling pathways have been proposed for this third NPR subtype (Levin 1993) .
NPR-A mediates many of the effects of ANF and BNP, circulating hormones released by myocardial cells in response to hormonal, metabolic, and mechanical stimuli that have potent natriuretic, diuretic, and vasorelaxant activities (Gardner et al. 1997) . In contrast, NPR-B may be particularly important in the autocrine or paracrine control of cGMP production, as its principal ligand, CNP, does not circulate at high levels (Igaki et al. 1996) , and is often produced by cells juxtaposed to cell types bearing the NPR-B receptor. Examples of such 'natriuretic peptide systems' are the vascular wall, in which CNP is produced by endothelium to control vascular smooth muscle contractility through NPR-B-generated cGMP (Suga et al. 1992) , the ovarian follicle where CNP of extrafollicular origin activates NPR-B contained in granulosa cells (Noubani et al. 2000) , and in bone where the CNP/ NPR-B pathway has been shown to be crucial in the process of endochondral ossification (Yasoda et al. 1998) .
The hormonal regulation of NPR-B has been studied in several cell systems, including non-pigmented ciliary epithelial cells (Crook & Chang 1997) and vascular smooth muscle cells (Abbey & Potter 2002) , where CNP stimulation of cGMP production has been shown to be inhibited by a number of hormones and locally acting substances (arginine vasopressin, histamine, angiotensin II and endothelin) that activate the phospholipase C/inositol phosphate/diacylglycerol phosphate signaling pathway. The mechanism underlying this inhibition of NPR-B has been suggested to involve the dephosphorylation of the receptor at a specific serine residue (Potter & Hunter 2000) .
The down-regulation of the guanylyl cyclase receptors NPR-A and NPR-B by receptor internalization and degradation has been controversial, with some groups suggesting that only NPR-C is internalized upon binding ligand (Pandey et al. 2002) . However Pandey et al. (2002) have recently reported the ligand-regulated internalization and down-regulation of NPR-A in transfected human embryonic kidney 293 cells, suggesting that receptor endocytosis may be an important pathway for NPR-A and presumably NPR-B regulation in target cells.
Transcriptional regulation of NPR-B has also been demonstrated in certain cell types. Noubani et al. (2000) have shown that both estrogen (diethylstilbestrol) and gonadotropin (equine chorionic gonadotropin) result in an increase in NPR-B mRNA transcripts as determined by semiquantitative RT-PCR.
In previous studies with the FRTL-5 cell line, a continuous cell line derived from rat thyroid follicular cells, we have shown that NPR-B activity is regulated by thyrotropin (thyroid-stimulating hormone; TSH), with significant decreases in CNP-stimulated cGMP accumulation occurring following treatment with 1 mIU bovine TSH compared with control (Sellitti & Doi 1999) . Although TSH signaling through the TSH receptor (TSH-R) has been shown to proceed down several different signaling pathways (including phospholipase C/inositol triphosphate/diacylglycerol), we speculated that the inhibitory effect of TSH on NPR-B activity is due principally to the coupling of TSH-R to adenylyl cyclase and the production of intracellular cAMP, since this is the primary signaling pathway for the TSH-R (Rapoport & Spaulding 1996) . A role for cAMP signaling in the regulation of NPR-B is of considerable interest in natriuretic peptide systems whose function is regulated by glycoprotein or modified amine hormones coupled to adenylyl cyclase via trimeric G proteins. Such systems include both the thyroid and vascular natriuretic peptide systems, where elevations in cAMP have been shown to down-regulate the other cGMP-producing pathway in smooth muscle cells, nitric oxide (NO)/soluble guanylyl cyclase (Papapetrapoulos et al. 1995) .
In the present report, we have tested the hypothesis that cAMP generation underlies the previously reported inhibition of NPR-B activity by TSH, and we examine the mechanism by which this down-regulation occurs.
Materials and Methods

Reagents
Rat ANF (ANF-(99-126)) and CNP-22 were purchased from Peninsula Laboratories, Inc. (Belmont, CA, USA). TSH from bovine pituitary (2 IU/mg protein), N 6 ,2 -Odibutyryladenosine 3 ,5 -cyclic monophosphate sodium salt (Bu)2 cAMP, phorbol 12-myristate 13-acetate (PMA), and 1,2 bis(2-aminophenoxy)ethane-N,N,N 1 ,N 1 -tetraacetic acid, tetraacetoxymethyl ester (BAPTA-AM) were purchased from Sigma Chemical Co. (St Louis, MO, USA). A23187 (free acid), KT-5720, and H-89 were obtained from Calbiochem-Novabiochem Corp. (La Jolla, CA, USA).
Cell culture
FRTL-5 cells (American Type Culture Collection, Manassas, VA, USA; ATCC CRL 8305 F1 subclone) were obtained originally from Dr Leonard Kohn (University of Ohio, Athens, OH, USA). Cells were grown in 6H medium (Coon's modified Ham's F-12 medium (Sigma Chemical Co.) supplemented with 5% calf serum (Cambrex, Walkersville, MD, USA), 1 mM non-essential amino acids (Cambrex), and a six hormone mixture (TSH, insulin, somatostatin, hydrocortisone, transferrin, and glycyl-histidyl-lysine)) as previously described (Ambesi-Impiombato et al. 1982) . Cells were also maintained in 5H medium, identical to the above except for the absence of TSH. All studies were performed on confluent, non-proliferating cell populations.
cGMP assay
FRTL-5 cells were grown to confluence in Coon's 6H medium (1 mU/ml TSH) in 24-well plates and, after washing, were equilibrated in 5H medium for at least 3 days before adding treatment medium consisting of 5H medium and various reagents. At assay, treatment medium was aspirated, and culture wells received 0·4 ml assay medium containing 1 mM CaCl 2 , 1 mM MgSO 4 , 1% bovine serum albumin, 0·5 mM isobutylmethylxanthine (IBMX), and CNP (0-1 µM). After a 20-min incubation at 37 C, medium was aspirated, wells received 0·5 ml of a 0·1 M HCl solution containing 0·1 mM CaCl 2 , and these samples were stored at 70 C for determination of cGMP content by radioimmunoassay (Biomedical Technologies, Staughton, MA, USA). All samples were diluted 1:5 in acetate buffer and acetylated before being assayed. Maximal cGMP accumulation and EC 50 were determined by sigmoid fit to cGMP generation data using GraphPad Prism software (GraphPad, San Diego, CA, USA).
RNA extraction and real-time PCR
FRTL-5 cells grown in 6-well culture dishes were homogenized and total RNA was extracted using the RNAeasy mini kit (Qiagen, Valencia, CA, USA) following the manufacturer's protocol. A DNAse digestion step in this procedure assures the elimination of DNA contamination of the final PCR assay. Total RNA concentrations of the samples were determined by measuring absorbance at 260 nm, and 100 ng total RNA was used for reverse transcription (RT) and amplification of NPR-B cDNA using real-time PCR in the ABI Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). TaqMan one-step RT-PCR master mix reagents were purchased from Applied Biosystems. Primers and 5 FAM-labeled probe for rat NPR-B, rat CNP, and rat -actin were designed from National Center for Biotechnology Information (NCBI) GenBank sequences (accession numbers: NM 053838, rat NPR-B; NM 053750, rat CNP; and NM 031144, rat -actin) using Primer Express, version 1·5 software (Applied Biosystems), and synthesized by Epoch Biosciences, San Diego, CA, USA. Primer and probe sequences for rat NPR-B are as follows: sense primer, TGAGCAAGCCACCCACTTC; antisense primer, CAGCGGGCCGCAGATA; probe, AGAGCC AACGGGCGCATTGTGT. Primers and probe for rat CNP are: sense primer, CAAGAAGGGCTTGTCCAA AGG; antisense primer, AACATCCCAGACCGCT CATG; probe, CCTCAAGCTGGACCGGATCGGC. Primers and probe for rat -actin are: sense primer, TCTGTGTGGATTGGTGGCTCTA; antisense primer, CTGCTTGCTGATCCACATCTG; probe, CCTGGC CTCACTGTCCACCTTCCA. For NPR-B, reaction mix contained 0·25 U/µl MultiScribe enzyme (Applied Biosystems), 0·4 U/µl RNAse inhibitor, 300 nM sense and antisense primer, 250 nM probe and 100 ng RNA in a total volume of 50 µl. Reaction mix for -actin and for CNP was identical except for a TaqMan probe concentration of 150 nm. Thermal cycling parameters for both primers were as follows: 48 C, 30 min; 95 C, 10 min; and 40 cycles of denaturing at 95 C for 15 s, and annealing/extension for 1 min at 60 C. Ct values were determined for both NPR-B and -actin for each sample, and relative quantitation of NPR-B transcript was determined by the comparative threshold cycle (Ct) method.
Immunofluorescence studies FRTL-5 cells were plated onto round glass coverslips in 24-well plates in 6H medium and following either continued exposure to 6H medium or replacement of medium with 5H medium or 5H containing 1 mM dibutyryl cAMP (dbcAMP) for an additional 3 days, were washed with phosphate-buffered saline (PBS) and fixed in cold methanol. Cells were then incubated with rabbit antibody to CNP-22 (Peninsula Laboratories, Inc.) at a dilution of 1:200 in PBS or rabbit antibody to human Tg (Dako, Carpinteria, CA, USA) at a dilution of 1:400 for 60 min at room temperature. Cells incubated without primary antibody served as a negative control. After being washed, cells were incubated with a 1:50 dilution of fluorescein-isothiocyanate-labeled goat anti-rabbit IgG (ICN, Irvine, CA, USA). The coverslips were washed and mounted on slides with glycergel (Dako), then observed and photographed with a microscope outfitted with a vertical epifluorescence unit.
Data analysis
The data from all CNP-stimulated cGMP studies were graphed and analyzed using Graph Pad Prism, and best-fit values were used to determine both the maximal level of cGMP production ('top') and the EC 50 of cGMP production. In addition, Graph Pad Instat software was used to determine significant differences between treatment groups using one-way analysis of variance followed by a Tukey-Kramer multiple comparisons test. Significant differences between groups were considered to result in a P value less than 0·05.
Results
Effect of dbcAMP on cGMP production
We have previously shown that NPR-B activity in FRTL-5 rat thyroid cells, assessed as CNP-stimulated cGMP production, is significantly inhibited by long-term treatment with TSH. To determine whether the inhibition of NPR-B occurs via the adenylyl cyclase/cAMP arm of TSH signaling, we repeated these studies using dbcAMP in place of TSH. Figure 1 compares CNPstimulated cGMP production in confluent cultures of FRTL-5 cells maintained in 5H medium (control), or in 5H medium with the addition of 1 mM dbcAMP for 4 days. As we had previously observed with TSH treatment, dbcAMP reduced the maximal level of CNP-stimulated cGMP from 26·3 to 2·3 pM/ml in the example shown without significantly affecting the EC 50 of the cGMP production (EC 50 control, 32 nM; EC 50 dbcAMP, 45 nM). Basal cGMP content, near the limits of detection of this assay, was unaffected by exposure to dbcAMP. These results suggested that activation of the adenylyl cAMP inhibits NPR-B activity in FRTL-5 cells · D F SELLITTI and otherscyclase/cAMP pathway represents the principal mechanism underlying the reduction of NPR-B activity by TSH in the FRTL-5 cell.
To characterize the time-course of the inhibition of NPR-B activity by cAMP, confluent cultures of FRTL-5 cells equilibrated in 5H medium for at least 4 days received either fresh control (5H) medium or 5H medium containing 1 mM dbcAMP for 10, 20, and 40 min and 1, 3, and 6 h prior to stimulation with CNP and determination of intracellular cGMP ( Fig. 2A) . Results showed that following a transient increase peaking at 40 min of dbcAMP treatment, CNP-stimulated cGMP production fell significantly below control value after 6 h of exposure to the cAMP-mimetic. Figure 2B furthermore demonstrates that the suppression of NPR-B by dbcAMP increased to a maximal level following 1 day of treatment and continued unchanged through at least 4 days in the presence of dbcAMP. In FRTL-5 cultures equilibrated in medium (6H) containing 1 mIU/ml bovine TSH, replacement of this medium with 5H (i.e. removal of TSH) resulted in a time-dependent increase in CNP-stimulated cGMP that was first apparent at day 1 and continued to increase through 4 days in the TSH-free medium (Fig. 2C) . In contrast, when 6H medium was replaced by medium containing 1 mM dbcAMP, the low levels of CNPstimulated cGMP observed in the presence of TSH were maintained through the end of the study.
The dose-dependency of dbcAMP in inhibiting NPR-B activity in FRTL-5 cells is illustrated in Fig. 3 . Treatment of cells for 1 day with increasing concentrations of dbcAMP resulted in a half-maximal reduction in CNP-stimulated cGMP production at a concentration of 0·2 mM (Fig. 3) , an inhibitory effect that was approximately the equivalent of 3·8 µIU/ml bovine TSH administered for the same length of time (data not shown).
cAMP reduction of NPR-B activity is protein kinase A (PKA) independent
Activation of PKA represents a principal downstream pathway for cAMP signaling in the mammalian cell, and in FRTL-5 cells has been equated with most of the effects of this cyclic nucleotide on thyroid-specific function. In the present study, we employed the specific inhibitors KT-5720 and H-89 to assess the role of PKA activation in the cAMP-induced inhibition of NPR-B activity. FRTL-5 cells equilibrated in 5H medium were preincubated with either KT-5720 (5 µM) or H-89 (1 and 30 µM) for 1 h prior to the addition of medium containing 2 mM dbcAMP (1 mM final concentration) and incubation for an additional 24 h. Appropriate controls received only 5H medium containing vehicle (dimethyl sulfoxide; DMSO). Results (Fig. 4) showed that neither KT-5720 nor H-89 reversed the inhibition of NPR-B induced by dbcAMP, on the contrary further inhibiting this activity by a slight, but significant degree. In addition, H-89 treatment by itself was sufficient to induce a marked decrease in NPR-B activity. These data provide strong evidence that the cAMP pathway leading to inhibition of CNPstimulated cGMP in FRTL-5 cells bypasses the PKA cascade to follow an alternate route to the inhibition of NPR-B activity.
Effects of protein kinase C (PKC) and calcium on NPR-B activity
A conceivable scenario leading from cAMP generation to NPR-B inhibition could involve activation of PKC as several reports have cited the ability of PKC to desensitize NPR receptors (NPR-A and NPR-B) either by receptor dephosphorylation or a reduction in CNP binding affinity. To examine the potential role of PKC in the downregulation of NPR-B activity by cAMP, we studied both the short-term (30 min) and long-term (24 h) effects of the PKC activator PMA on CNP-stimulated cGMP accumulation in FRTL-5 cells. Figure 5A shows that PMA treatment for 30 min induced a rightward shift in CNPstimulated cGMP generation, consistent with a reduction in receptor affinity but not with a reduction in total active receptor as suggested by the dbcAMP data. Moreover, long-term (24 h) exposure to 1 µM PMA, unlike cAMP exposure for the same duration, failed to produce any change in either receptor affinity or maximal activity compared with control (Fig. 5B) .
Recently, another mechanism leading to NPR-B desensitization has been described which links an inhibition of NPR-B activity in a smooth muscle cell line to elevations in intracellular calcium. To determine whether increased intracellular calcium can induce the downregulation of NPR-B in FRTL-5 cells, confluent cultures equilibrated in 5H medium were exposed to medium containing 50 µM of the calcium ionophore A23187 for 24 h after which dose-related CNP-stimulated cGMP production was compared with control cultures receiving only vehicle. Figure 5C shows that A23187 treatment resulted in an approximately 3-fold reduction in maximal CNP-stimulated cGMP without significantly affecting EC 50 (EC 50 control, 32 nM; EC 50 A23187, 25 nM).
Involvement of calcium in the dbcAMP inhibition of NPR-B activity
Since A23187 produced reductions in CNP-stimulated cGMP that were qualitatively similar to those caused by dbcAMP, it was of interest to examine the role of calcium medium for at least 4 days received either fresh 5H medium (control) or 5H medium containing 1 mM dbcAMP and were incubated at 37 C for 10, 20, and 40 min and 1, 3, and 6 h, followed by determination of intracellular cGMP in the presence of 0·5 M CNP and 0·5 mM IBMX for 20 min as described in Materials and Methods. *P,0·05, **P,0·01, #P,0·001, ***P,0·0001 versus respective control by two-tailed t-test. (B) Inhibition of CNP-stimulated cGMP by dbcAMP is sustained through 4 days of incubation. Confluent FRTL-5 cells grown in 5H medium for at least 4 days received either fresh 5H medium (control) or 5H containing 1 mM dbcAMP and were incubated at 37 C for 6 h, 1 day, and 4 days followed by the determination of intracellular cGMP in the presence of 0·5 M CNP and 0·5 mM IBMX for 20 min. (C) Suppression of CNP-stimulated cGMP by TSH is ended by removal of TSH from the medium, but sustained by the addition of 1 mM dbcAMP. FRTL-5 cells were grown to confluence in 6H medium in 24-well plates, and medium was replaced with either 5H medium, or 5H medium containing 1 mM dbcAMP for 6 h, 1 day, and 4 days followed by the determination of intracellular cGMP in the presence of 1 M CNP and 0·5 mM IBMX for 20 min. Values are means S.E.M. ion in the cAMP-induced decrease in NPR-B activity. The specific requirement for intracellular calcium in the cAMP-induced inhibition of NPR-B activity was assessed using the cell-permeable calcium chelator BAPTA-AM to inhibit elevations in free calcium. Confluent cultures equilibrated in 5H medium received medium containing either BAPTA-AM (75 µM) or vehicle (DMSO) for 30 min, followed by the addition of an equal volume of 5H containing either 2 mM dbcAMP or 5H only and incubation for an additional 6 h. The results of a CNPstimulated cGMP assay performed following the 6-h incubation are shown in Fig. 6 . As observed previously, dbcAMP treatment alone significantly reduced CNPstimulated cGMP to about 25% of control. BAPTA-AM pretreatment alone also significantly reduced NPR-B activity from its control value, although to a lesser extent than dbcAMP alone. However, when cells were preincubated with calcium chelator before receiving dbcAMP, the inhibitory effect of cAMP on NPR-B activity was completely abrogated and CNP-stimulated cGMP levels equaled those of cells receiving BAPTA-AM alone. These data strongly suggested that cAMP-induced inhibition of NPR-B activity in FRTL-5 cells is a calcium-dependent process. 
cAMP reduces NPR-B transcript levels in FRTL-5 cells
We have noted in an earlier study (Sellitti & Doi, 1999) that relative NPR-B transcript levels were decreased in FRTL-5 cells receiving TSH for a 4-day period. To test whether dbcAMP has a similar effect on NPR-B transcript levels, NPR-B expression was determined by real-time PCR in control cultures and in cells receiving 1 mM dbcAMP for 3, 6, and 24 h (Fig. 7) . Results showed no significant difference in NPR-B transcript levels between the control and cAMP-activated cells at either 3 or 6 h of treatment. However, after 24 h of dbcAMP, NPR-B transcript levels were significantly reduced to 40% of control value.
TSH and cAMP increase immunoreactive CNP in FRTL-5 cells
Although less direct than the modulation of NPR-B expression or activity as assessed in the studies above, regulation of the principal NPR-B ligand, CNP, could constitute another avenue through which cAMP can control the function of NPR-B in a natriuretic peptide system. In a previous study (Sellitti & Doi, 1999) , we showed that FRTL-5 cells contain transcripts encoding CNP-22, and that levels of these transcripts are upregulated in the presence of TSH. In the present study, we examined the effects of both TSH and dbcAMP on protein levels of CNP in these cells using an indirect immunofluorescence technique. Figure 8 establishes for the first time the presence of immunoreactive CNP protein in the FRTL-5 thyroid cells and illustrates moreover that expression of immunoreactive CNP in FRTL-5 is dependent upon the presence of TSH in the medium. Whereas cells continuously incubated in 6H (TSH) medium express high levels of cytoplasmic CNP staining (Fig. 8A) , withdrawal of TSH for 3 days allows CNP staining to fall to levels approaching background (Fig. 8B) . However, in a separate study, when 6H medium was replaced with 5H medium containing 1 mM dbcAMP for 3 days, a high level of cytoplasmic CNP staining was maintained (Fig.  8C ). In contrast, cells receiving 5H medium during this time expressed little CNP (Fig. 8D ). The dependence of CNP expression upon the presence of either TSH or dbcAMP in the medium resembled that of thyroglobulin, which was present at a high level in cells receiving dbcAMP for 3 days (Fig. 8E ), but markedly reduced in cells grown in control medium (5H) (Fig. 8F) .
Using real-time PCR we examined whether these cAMP-dependent changes in immunoreactive CNP are reflected in altered CNP transcript levels. Figure 9 shows that dbcAMP markedly up-regulates CNP transcript levels in FRTL-5 cells to approximately 5-fold control within only 3 h post-treatment, increasing to 15·4-and 8·8-fold control values at 6 h and 24 h respectively.
Discussion
Natriuretic peptide systems consisting of the NPR-B and its principal ligand CNP have been identified in several organs and cell types, where they constitute a mechanism for the autocrine or paracrine generation of an intracellular cGMP signal (Silberbach & Roberts 2001) . The physiologic importance of such a system is perhaps best appreciated in the vasculature, where the actions of cGMP generated by NPR-B activation essentially parallel those of cGMP generated by activation by NO of soluble guanylyl cyclase in inducing vasorelaxation and inhibiting smooth muscle proliferation (Itoh et al. 1997) . To date much of the emphasis on the regulation of vascular natriuretic peptide systems (Abbey & Potter 2002 ) and natriuretic peptide systems in other organs (Crook & Chang 1997 , Fowkes et al. 2000 has centered upon those hormones (vasopressin, angiotensin II, and gonadotropinreleasing hormone) that stimulate the phospholipase C signaling pathway to activate intracellular PKC. Support for other intracellular signaling pathways leading to Figure 6 The dbcAMP-mediated inhibition of NPR-B activity is dependent upon intracellular calcium. FRTL-5 cells were grown to confluence in 6H medium in 24-well plates and medium was switched to 5H for at least 4 days. At assay, medium was replaced with either (1) 75 M BAPTA-AM (in DMSO vehicle) in 5H medium, or (2) 5H medium containing an equivalent concentration of DMSO (control) for 30 min prior to the addition of either 5H medium or 5H with 2 mM dbcAMP for an additional 6 h at 37 C. The four treatment groups thus established were (1) control (5H only), (2) BAPTA-AM, (3) dbcAMP, and (4) dbcAMP+BAPTA-AM. Following treatment, cGMP production in the presence of 0·5 mM IBMX and 0·5 M CNP was determined in each group. Values shown represent the means S.E.M. of six separate wells from a single representative experiment performed three times.
NPR-B regulation has been less conclusive. For example, various authors have cited either no effect (McArdle et al. 1993) , or an inhibitory effect (Guidone et al. 2002) of pituitary adenylate cyclase activating polypeptide (PACAP) or other activators of the adenylyl cyclase/ cAMP-signaling pathway on NPR-B activity.
In our studies with the FRTL-5 rat thyroid-derived cell line, we had shown that long-term incubation with TSH, the principal hormonal regulator of thyroid function, induces a significant reduction in CNP-stimulated cGMP, indicating either a desensitization or down-regulation of NPR-B by the thyrotropic hormone (Sellitti & Doi 1999) . As most of the activity of TSH in the FRTL-5 cells has been tied to its activation of the adenylyl cyclase/cAMP signaling pathway, we speculated that generation of a cAMP signal represents a key mechanism for inactivation of NPR-B activity in this cell line. In the present study, we sought to delineate such a pathway by examining the role of the soluble cAMP mimetic, dbcAMP, in the regulation of CNP-stimulated cGMP production in FRTL-5 cells. We have shown (1) that dbcAMP alone is sufficient to account for the previously observed reduction of NPR-B activity in the presence of TSH; (2) that the NPR-B inhibitory pathway is independent of PKA; (3) that the mechanism leading from cAMP to inhibition of NPR-B is dependent upon intracellular calcium; and (4) in the face of a reduction in NPR-B activity by cAMP, the expression of its principal ligand CNP is increased. Taken together, these results indicate the potential for a significant role for hormones coupled to Gs/adenylyl cyclase in the regulation of NPR-B/CNP natriuretic peptide systems.
Although the pathway leading from dbcAMP to the reduction of NPR-B activity remains to be defined, it is clear that it is independent of PKA activation since preincubation with either of two inhibitors of PKA, KT5720 and H89, failed to block even partially the reduction of CNP-stimulated cGMP following treatment with dbcAMP. On the contrary, one of these PKA inhibitors, H-89, exhibited a dose-related reduction in NPR-B activity in the absence of dbcAMP, an effect possibly related to the inhibitory actions of this compound on other enzymatic activities. Moreover, the presence of the general phosphodiesterase inhibitor IBMX in all of the CNP-stimulated cGMP assays eliminates the likelihood of an activation by dbcAMP of cGMP phosphodiesterase as Figure 7 Effect of dbcAMP on NPR-B transcript levels. FRTL-5 cells were plated into 6-well plastic cluster plates in 6H medium, then washed and incubated in 5H for at least 4 days. After exposure to either 1 mM dbcAMP or control (5H) medium for an additional 3, 6, or 24 h, total RNA was extracted and relative quantitation of NPR-B transcript levels was performed using real-time PCR as described in Materials and Methods. Data bars for each time-point represent the mean S.E.M. of NPR-B transcript levels in dbcAMP-treated cells normalized to its respective control using the comparative Ct method. *P,0·001 vs respective control by unpaired t-test.
an explanation for our data. Alternative pathways of cAMP action leading to inactivation of NPR-B in the FRTL-5 cell could include activation of cyclic nucleotide-gated ion channels, direct modulation of the mitogen-activated protein kinase pathway via activation of the exchange protein directly activated by cAMP (Epac) or activation or inhibition of the phosphatidyl-inositol 3 (PI-3) kinase pathway (Kim et al. 2001 , Saavedra et al. 2002 . However, in the present study, preincubation of FRTL-5 cells with either the mitogen-activated protein kinase kinase (MEK) inhibitor PD98059, or the PI-3 kinase inhibitor LY294002 had no effect on the inhibitory effect of dbcAMP on CNP-induced cGMP accumulation (data not shown). In addition, activation of PKC by treatment with PMA for 30 min caused a rightward shift in the doserelated CNP stimulation of cGMP in FRTL-5 cells, yet caused no clear change in the maximal level of cGMP produced, and a 24-h exposure to the same dose of PMA, which would be expected to down-regulate PKC activity, had no effect on subsequent CNP-stimulated cGMP production. Only A23187 was capable of inhibiting NPR-B activity in this study, presumably as a consequence of an ionophore-induced increase in intracellular calcium. Although A23187 and dbcAMP produced qualitatively similar changes in CNP-induced cGMP production in this study, we have not however examined the effects of dbcAMP on intracellular calcium in FRTL-5 cells. Tornquist & Ahlstrom (1993) have studied the modulatory effect of cAMP on calcium fluxes in FRTL-5 cells and found that preincubation of these cells with In another study (C-E), FRTL-5 cells were plated onto glass coverslips in 6H medium and after 1 day received either 5H medium (control) or 5H medium containing 1 mM dbcAMP for an additional 3 days before fixing the cells and staining with either anti-CNP or anti-Tg. (C) Cells in 5H medium with 1 mM dbcAMP for 3 days stained with anti-CNP; (D) cells in 5H medium (control) for 3 days stained with anti-CNP; (E) cells in 5H medium with 1 mM dbcAMP for 3 days stained with anti-Tg; and (F) cells in 5H medium for 3 days stained with anti-Tg. Controls for each study included cells receiving no primary antibody (data not shown).
1 mM dbcAMP attenuated ATP-induced Ca 2+ influx for at least 30 min, but the influence of a sustained (6-24 h) cAMP stimulation on Ca 2+ flux in this cell line has not been determined. Nonetheless, our finding that the cAMP effect was completely abolished by preincubation with the cell-permeable calcium chelator BAPTA-AM makes it clear that the cAMP regulation of NPR-B is a calciumdependent process. Abbey & Potter (2002) have recently used this chelator to show that elevation in intracellular calcium, rather than activation of PKC, represents an important mechanism for NPR-B inhibition in smooth muscle cells induced by pressor hormones such as arginine vasopressin and angiotensin II.
In contrast to previous reports showing a desensitization of NPR-B activity within only minutes of hormonal treatment, our present studies with dbcAMP in FRTL-5 indicate that an interval of between 3 to 6 h is required for the cyclic nucleotide to reduce CNP-stimulated cGMP compared with control, after which NPR-B activity remains suppressed for at least 4 days in the continued presence of dbcAMP. The absence of a rapid effect of dbcAMP on NPR-B activity, as opposed to the heterologous desensitization of the receptor by modification of the receptor/enzyme, could suggest that cAMP affects NPR-B in FRTL-5 cells by a different mechanism such as transcriptional down-regulation (Kishimoto 1994) or receptor internalization and degradation (Pandey et al. 2002) . In the present study, however, we were unable to show an effect of dbcAMP on NPR-B transcript levels at a time (6 h) and dose that resulted in a marked decrease in CNP-stimulated cGMP. Nonetheless, after a 24-h treatment with dbcAMP, NPR-B transcript levels were reduced to only 40% of control values, suggesting that transcriptional down-regulation by cAMP could contribute to the sustained reduction of NPR-B activity through 4 days of dbcAMP treatment. These results suggested that cAMP is the likely mediator of the TSH-induced downregulation of NPR-B transcript that we had observed earlier in FRTL-5 cells (Sellitti & Doi 1999) .
Finally, since in most tissues where it has been identified, NPR-B is known to constitute part of a natriuretic peptide system acting in concert with its locally produced ligand CNP, we were interested in identifying CNP in the FRTL-5 cell and assessing its regulation by cAMP. Our results demonstrated the presence of immunoreactive CNP in this rat thyroid-derived cell line, confirming what we had earlier inferred from the presence of CNP transcript in both this rat thyroid-derived cell line and in rat thyroid per se (Sellitti & Doi 1999) . The present data also showed that the production of immunoreactive CNP in FRTL-5 cells is dependent upon stimulation with either dbcAMP or TSH, since in the absence of both of these factors cytoplasmic immunoreactive CNP was negligible. In addition, we have shown here, using real-time PCR, that dbcAMP induces a significant up-regulation of CNP transcript as early as 3 h after treatment which is sustained at a high level (.8-fold control) for at least 24 h, suggesting that the cAMP-induced increase in immunoreactive CNP originates at the level of gene transcription. Other members of the natriuretic peptide family have been shown to respond to cAMP with increased transcriptional activity (He et al. 2000) and, in the case of brain natriuretic peptide (BNP) in human myocytes, cAMP has been shown to target regulatory elements in the proximal BNP promoter using a PKA-independent pathway. However, this is the first evidence to our knowledge for cAMP up-regulated CNP production.
A physiologic rationale for the co-ordinated upregulation of CNP and down-regulation of its cognate receptor by cAMP in the thyroid cell will require further investigation. It is possible that the primary purpose of TSH/cAMP stimulation of CNP synthesis in vivo is to increase thyroidal blood flow to follicles undergoing TSH-induced increases in hormone synthetic activity. Coincident with the increased blood flow, suppression of NPR-B activity in the follicular cell by TSH/cAMP acting on both transcriptional and post-translational mechanisms could ensure the inhibition of cGMP- Figure 9 Effect of dbcAMP on CNP transcript levels. FRTL-5 cells were plated into 6-well cluster plates in 6H medium, then washed and incubated in 5H for at least 4 days. After exposure to either 1 mM dbcAMP or control (5H) medium for an additional 3, 6, or 24 h, total RNA was extracted and relative quantitation of CNP transcript levels was performed using real-time PCR as described in Materials and Methods. Data bars for each time-point represent the means S.E.M. of CNP transcript levels in dbcAMP-treated cells normalized to its respective control using the comparative Ct method.
utilizing signaling pathways in the thyroid cell. Since several of the specific functions of cGMP in the thyroid cell identified thus far involve the inhibition of iodide uptake (Bocanera et al. 1997 ) and its organification (Costamagna et al. 1998) , the suppression of NPR-B guanylyl cyclase activity by TSH/cAMP may be essential in the thyroid cell that is actively synthesizing thyroid hormone.
In summary, the present results demonstrate the regulation of the CNP/NPR-B natriuretic peptide system in the FRTL-5 by intracellular cAMP. These studies suggest that, at least in the rat thyroid phenotype, cAMP reduces NPR-B activity via a calcium-dependent, PKAindependent mechanism and also via a reduction in NPR-B transcription. Whether NPR-B undergoes an identical down-regulation by cAMP in other cell types and when cAMP-linked hormones other than TSH are involved will require further investigation of the specific steps leading to receptor inactivation.
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